Summary.-Two experiments in which SPF Wistar rats were exposed by inhalation to dust clouds of the UICC standard reference samples for periods of between one day and 2 years are described. All the samples of asbestos produced asbestosis which continued to progress after removal from exposure but only a little fibrosis was observed in control rats. Lung tumours, ranging in severity from adenomata to squamous carcinomata, were produced by all samples but in the controls there were only a few adenomata and none of the more serious tumours. Of the 20 tumours which metastasized, 16 occurred after exposure to one or other of the 2 chrysotile samples. In addition, a total of 11 mesotheliomata occurred, 4 of which were with crocidolite and 4 with Canadian chrysotile. Two of the mesotheliomata occurred with only one day's exposure to asbestos. There was a positive association between asbestosis and lung tumours.
WAGNER, Berry and Timbrell (1973) reported the results of experiments in which rats were inoculated intrapleurally with samples of asbestos. In the discussion it was mentioned that two experiments in which rats had been exposed to dust clouds of the UICC reference samples had been carried out, and the results of these are now presented. Some preliminary results of one of these experiments were reported by Wagner (1972) .
In both experiments the rats were exposed to similar dust concentrations and the dose varied by exposing rats for various lengths of time. The main aim was to establish the relationship between the development of malignant tumours in the lungs and the dose and type of asbestos dust but, additionally, the amount of fibrosis was assessed.
MATERIALS ANI) METHODS
Caesarean derived rats of the Wistar strain were used which had been bred at the Unit from SPF stocks given to us by the Imperial Chemical Industries, Pharmaceutical Division at Alderley Edge, Cheshire in 1964 and 1968. The asbestos samples used consisted of the 5 UICC standard reference samples (Timbrell, Gilson and Webster, 1968) which were prepared following recommendations of the UICC. These samples are of 3 amphibole types amosite, anthophyllite and crocidolite-and 2 chrysotiles-a Canadian and a Rhodesian sample.
The rats were exposed in 1e4 m3 inhalation chambers (Timbrell et al., 1970) which contained 8 cages, each of which could hold 6 rats, or, for a short period with young rats, there was room for a seventh. Five chambers were used, one for each type of asbestos. The chambers were constructed so that the rats could be tended without the chambers being opened.
The dust clouds were generated using a specially devised dispenser (Timbrell, Hyett and Skidmore, 1968) . The clouds were generated for 7 hours a day and 5 days per week. The respirable dust concentrations were measured using size selective gravimetric dust samples (Cassella Type 114A). The collected samples were evaluated at the end of each daily session. In order to achieve the required dosage, calculated as the product of concentration and time, variations occurring in the concentrations were corrected on the following days. At the end of exposure the rats were left in the chambers for a few days, to allow time for their fur to become clear of asbestos before transferring them to a clean environment for the remainder of their lives. At transfer some rats, generally 2 or 3 of each sex, were killed and the lungs removed for histological examination and determination of dust content.
As each type of asbestos has a considerable silicate content (about 50%0) the amount of dust in the lungs was determined by first assessing its silica content and referring this value to that of the respirable dust to which the rat had been exposed. This method was used in previous experiments (Morris et al., 1967) . After exposure the rats were caged in threes or fours isolated in a special unit supplied with filtered air. The inhalation chambers were also in this unit but in a separate room. They were fed on a proprietary brand of autoclaved cubes, and water ad libitum. Except for the scheduled killings, each rat was allowed to live until it died or appeared to be distressed, and a full necropsy examination was carried out.
Histological preparation, staining and microscopic methods-.For the seheduled killings, animals were killed by chloroform anaesthesia and following exsanguination the thorax opened and the lungs removed. The left lung was air inflated and suspended in formalin. Representative portions of the right lung wNere taken for electron microscopic examination and the remainder of the lung dilated with neutral buffered formalin. Slices were taken from both lungs for histological examination. After the histological sections had been cut, the embedded tissue and the trimmings were dewaxed and added to the remainder of the lungs which were used for the chemical estimates.
For other animals, at post mortem the lungs were dilated with neutral buffered formalin and after fixation were sliced sagittally, routine sections being taken of the whole left lung and the upper and lower lobes of the right lung. In addition, any other suspicious lesions from the lungs or other organs were taken for histological examination.
In all cases, sections were stained with haematoxylin and eosin and the lung sections were stained for elastin, reticulin and collagen. Special stains were used in some cases as an aid to diagnosis of the tumours.
Assessment of the severity of asbestosis.-Sections of both lungs were examined without knowledge of the duration or type of asbestos exposure and with the animals in random order. The sections were observed on a viewving screen of a Projectina Microscope 4013 BK using a x 7 objective. At this magnification a large proportion of the lung could be assessed in a single field and, as it was not possible to observe asbestos fibres at this magnification, the results were not biased by knowing the type of asbestos to which the animal had been exposed.
Experiments
In both experiments and for all doses there wvere groups w,vhich were exposed to all 5 reference samples; there were also control groups which were not exposed. Rats were allocated to treatments at random. At the start of the exposure the majority of the rats were between 5 and 7 weeks old, a fen being slightly older or younger, and there were approximately equal numbers of males and females. Experiment 1.-There were 2 time intervals of exposure: in the first, rats were exposed for 3 months starting in May 1967 and in the second, groups of rats were exposed for one day only in August 1967. In addition to the killings at the end of exposure, in the 3-month group there were also intermediate sacrifices at 5, 8 and 10 weeks.
Experiment 2.-There were 3 time intervals of exposure 6 months, 12 months and 24 months. The experiment started in January 1969 and after 6 months half of the rats were removed from the cabinets. They were replaced and a year later these replacement animals were in turn removed. They were replaced by animals to be used for special electron microscopy examinations which will not be reported in this paper. The remaining animals were removed in January 1971 after 2 years' exposure. In the 6-month groups, in addition to the killings at the end of exposure, rats were also killed after 2 years, i.e. 18 months after removal from exposure.
The numbers of rats are given in Table 1 . In the 24-month groups, overcrowding amongst the males tended to occur due to increase in size after about a year, and some Nere removed prematurely after 13 2 months. For analysis these rats have been included in the 12-month groups and hence the number of rats in these groups is slightly higher, and in the 24-month groups slightly lower, than planned.
In Table II the mean respirable dust concentrations and the cumulative doses, the products of concentration and time, are shown. The one-day exposure was 7 hours for all dusts. For the other 4 time intervals of exposure, there were slight variations in the number of hours required to achieve approximately equal doses but the mean times were 402, 788, 1574 and 3237 hours respectively. The mean concentrations were usually higher in Experiment 1 than Experiment 2, and the 3-month group had an average dose of 60% of that of the 6-month group. Reasonable equality of dose between the dusts was achieved for all the lengths of exposure, except for the one-day which was too short to allow any adjustments.
Interpretation of histological findings
Classification of asbestosis.-The lesions seen in the lungs of rats exposed to all types of asbestos were similar to those described in guinea-pigs (Wagner, 1963 (Wagner, , 1965 . There were 2 main differences; firstly, asbestos bodies were never seen in the lung tissue of the rat although they are frequently seen in the pleural granulomata which follow the intra-pleural inoculation of amphibole fibres; secondly, there was a far greater production of granular pneumocytes (type II) alveolar epithelial cells in the rat.
The lesions consist initially of a deposition of asbestos fibres, alveolar macrophages and cell debris in the alveoli arising directly from the respiratory bronchioles. These deposits become organized firstly by being enmeshed in a thin reticulin network which coarsens with time and becomes replaced by collagen fibres. The The assessment of these lesions was based on 4 grades of fibrosis minimal, slight, moderate and severe. Typical examples of slight, moderate and severe asbestosis are shown in Fig. 1-4 . In addition, when carrying out the assessment it was found convenient to introduce the intermediate categories minimal/slight, slight/ moderate and moderate/severe. The 7 resulting categories were scored 2-8 and the normal lung, in which there was no sign of asbestosis, was scored 1, and the assessments were averaged for each group of rats. The repeatability of this form of assessment was tested on 154 sections, reassessed in a different random order and 9000 were assigned to within one category of the first reading.
Classification of tumours. The tumours found in the lungs of rats after exposure to the various types of asbestos dusts w,Aere peripheral adenomata, widespread adenomatosis, adenocarcinomata and squamous carcinomata. The rarity of pulmonary tumours in rats has been stressed in the reviews by Kuschner and Laskin (1970) and Shabad and Pylev (1970) . Further, these authors have described the development and morphological features of the tumours that wNe are reporting. All these tumours wNere peripheral and appeared to arise from the region of the respiratory bronchioles in w%hich the asbestos fibre had accumulated.
The origin of the adenomata appeared to be from accumulation of type II epithelial cells that proliferated in the alveoli of the respiratory bronchioles (Fig. 5, 6 ). In many of the exposed animals these tumours were multiple, and in a number of animals, particularly those with the more severe grades of asbestosis, there seemed to be adenomata arising from numerous adjoining respiratory bronchioles, giving an impression of contiguous adenomata invading large areas of the lung. Dr Harold Stewart (personal communication) suggested that this type of lesion should be referred to as adenomatosis. In contrast to this, a few control animals were seen to have solitary adenomata which were small in size. The adenocarcinomata wAere of the same type and origin as the alveolar adenocarcinomata " described by Shabad and Pylev (1970) ; many of these tumours were papillary adenoma-carcinomata. The squamous carcinomata appeared to originate from foci of squamous metaplasia occurring in the asbestotic lesions in the respiratory bronchioles (Fig. 7, 8 ). As far as can be ascertained, all these tumours were peripheral in origin and not bronchial papillomata. The classification of these tumours was discussed in some detail in Session VI at the Gatlinburg Conference on the Morphology of Experimental Respiratory Carcinogenesis in 1970; and the chapter by M. F. Stanton (1974) in the IARC Monograph on Pathology of Tumours in Laboratory Animals contains detailed descriptions of the tumours that we have illustrated.
The rats used in this experiment are from a caesarean derived, barrier maintained colony and fortunately they have been kept free of rat bronchitis; therefore the squamous metaplasia was not associated with bronchiectasis.
Metastases in the thoracic cavity to the chest wall, diaphragm, pericardium or the tracheo-bronchial lymph glands were seen in 14 animals; the majority had lesions invading 3 of the sites and in only 2 animals were metastases observed in the tracheobronchial glands. In one animal secondary deposits were seen in sections from a kidney. Eight adenocarcinomata and 6 squamous tumours had metastasized.
RESULTS
All except 2 of the rats in the groups with exposure of 12 months or less survived for the whole of their planned exposure. In the 24-month group there was appreciable mortality before the end of exposure and only 53%o survived for the full period. Out of 1013 rats it was impossible to obtain adequate histological material in only 8 because of cannibalism.
Dust retention
The mean weights of asbestos dust in the lungs of animals killed at the the day the rats were first exposed are given in Table IV . The survival times have been estimated so as to be independent of the sacrifices. The short survival of the 24-month group exposed to Canadian chrysotile was largely due to 8 rats dying before Day 400 (in the other four 24-month groups only 2 rats died before Day 400). These early deaths were not due to exposure, since 5 died due to an infection in one cage and 2 were killed in a fight. Discounting these 8 deaths, the mean survival was 698 days, which was still the lowest of the 24-month groups. Wlhen the mean was taken over all the lengths of exposure, the Canadian chrysotile groups showed least survival, but only a month less than the control groups. The amosite and anthophyllite groups had mean survivals only a few days less than the controls, while the crocidolite and Rhodesian chrysotile groups had longer survivals of 2 and 3 weeks respectively. Hence, there is very little indication that the exposure had any effect on the overall survival of the animals. This is in marked contrast to our intrapleural inoculation experiments in which injection of asbestos reduces the expectation of life by several months (Wagner et al., 1973) .
Asbestosis
The amount of asbestosis was assessed for all the rats killed at scheduled times in Experiment 2 and after 8 weeks' and 3 months' exposure in Experiment 1. There were 5 or 6 rats per treatment for each exposure, except that there were only 3 after 8 weeks. Overall the 2 sexes had similar amounts of asbestosis and they have, therefore, been combined to give the mean asbestosis scores in Table V , which are summarized in Fig. 10 807 days, another with Rhodesian chry-adenomata in Experiment 1 than in sotile after 719 days and one which Experiment 2, as shown in the controls. metastasized with Canadian chrysotile Therefore, the higher proportion of aniafter 838 days. mals with adenomata after 3 months'
In interpreting Table VII and Fig. 11 , exposure than after 6 months' exposure it has to be borne in mind that there was is probably an artefact. We do not a greater tendency for rats to develop know why adenomata occurred in the controls in one experiment and not in the other but as the finding is significant (P 0.06) in its own right and is supported by the results from the exposed animals, it is unlikely to be due to chance.
There was a higher incidence of tumours with 12 months' exposure than with 6 months' but little difference between the 12 and 24 months' exposure.
Half of the 8 mesotheliomata in Experiment 2 occurred with Canadian chrysotile, so that in total crocidolite and Canadian chrysotile produced 4 mesotheliomata each. Of the 20 tumours which metastasized, 16 were after exposure to a chrysotile (10 with the Rhodesian sample and 6 with the Canadian). Three others were with crocidolite and one with anthophyllite. Two of the mesotheliomata in the 12-month groups occurred within 400 days after first exposure, one with crocidolite after 399 days and one with Canadian chrysotile after 355 days (the only rat which failed to survive for its scheduled 12 months' exposure). Asbestosis and lung tumours An analysis was carried out to determine whether there was any relationship between the grade of asbestosis and the presence of lung tumours. Since the asbestosis grade depends on survival, it was necessary to standardize to a constant survival time. This was achieved by calculating the regression coefficients of asbestosis grade on survival time for rats without lung tumours, exposed for 3 months or more and with survival of at least 400 days after first exposure. Differences in these coefficients between the 5 types of asbestos and the 4 lengths of exposure were not significant and the pooled coefficient of 0-00304 ± 0-00065 grade units per day was used. The asbestosis grade of each rat was then adjusted using this slope to an arbitrary survival. The adjusted mean asbestosis grades were then calculated for each of the 20 groups, for those with and without lung tumours. In 15 of these groups the mean asbestosis grade was higher in the animals with lung tumours; in the other 5 groups the opposite occurred but only slightly so in 4 cases. The accuracy of an estimate of the difference in asbestosis between those with and those without a tumour is dependent on the number of animals in each category which varies between groups, and weighting each group to take account of this gave a mean difference of 0-71 ± 0413. Hence overall the animals with lung tumours had significantly (P < 0-001) more asbestosis than those without. Differences between the dusts were not significant but the wide range in means anthophyllite 0-25, Canadian chrysotile 0-42, crocidolite 0-66, amosite 0-85 and Rhodesian chrysotile 1-22-shows that there are insufficient data to reach any firm conclusions on this question.
The groups exposed for only one day provide supporting evidence of a relationship between lung tumours and asbestosis. There was very little asbestosis in these grouips (Table VI) and restricting attention to animals which survived for at least 600 days, the mean survival times of those with and without lung tumours were very similar. There were 17 lung tumours in 201 rats; only 6 of these occurred in 157 rats without asbestosis (3.8%) while 11 occurred in the 44 rats with minimal or slight asbestosis (25%), a highly significant difference (P<0-001).
Tumours at sites other than lung A total of 412 tumours, other than lung tumours or mesothelioma of the pleura or peritoneum, were observed. The majority of these were adenomata of the breast or pituitary adenomata, which were common post-mortem findings. Both of these adenomata occurred 4 times as frequently in females as in males. The numbers of these tumours, other benign tumours and malignant tumours for each type of asbestos are shown in Table VIII tumour types was the difference between the control and the asbestos treated significant. In Table IX more detail is given of the sites of the tumours with all types of asbestos combined. The largest differences between the treated and control rats were for tumours of the ovary, 10 in treated and none in controls, and tumours of male genito-urinary organs, 11 in treated and none in controls. However, neither difference was significant. A few rats had multiple malignant tumours: 2 of the rats with mesothelioma of the pleura also had a lung carcinoma and one rat with a squamous carcinoma The amount of chrysotile retained in the lungs did not show any clear increase with dose in rats exposed for longer than 3 months. In two earlier experiments (Wagner and Skidmore, 1965; Morris et al., 1967 ) a higher airborne dust concentration was used to give a cumulative dose in 6 weeks similar to that given in the present experiment over 3 months. The weight of asbestos found in the lungs of rats exposed to amphibole was 3 times greater than in those exposed to chrysotile. In the present experiments the ratio was 6 to 1 after 3 months, but increased with continuing exposure as the weight of amphibole in the lungs continued to increase, but the amount of chrysotile did not. The previous experiments had shown that the rate of elimination of dust from the lungs was much greater for chrysotile than for the amphiboles. The present results may be explained on this basis, the weight of chrysotile having reached equilibrium level, i.e. the rate of elimination equalling the rate of retention.
There are a number of features of the results presented above which we found surprising. First, in Experiment 1 two mesotheliomata occurred with the one day exposure comparcd with only one with the 3 months' exposure, which had a dosage more than 50 times greater. If the incidence of mesotheliomata was proportional to dose, as is indicated for the inoculation experiments (Wagner et al., 1973) , then the probability of such an extreme result occurring by chance would be about 2 in a 1000.
Secondly, there was no evidence of either less carcinogenicity or less asbestosis in the groups exposed to chrysotile than those exposed to the amphiboles, even though the amounts of dust in the lungs were so different. In particular, the UICC Canadian chrysotile produced as many mesotheliomata as the UICC crocidolite. The 2 UICC samples of chrysotile produced 12 of the 14 tumours with metastases. However, much less dust was retained in the lungs of rats exposed to chrysotile than amphiboles (Fig. 10) . Moreover, after intrapleural inoculation the risk of a mesothelioma occurring with UICC crocidolite is 3 times the risk with chrysotile (Wagner et al., 1973) . Therefore, allowing for the greater retention of crocidolite after inhalation, we might have expected the risk with crocidolite to have been of the order of 20 times that of chrysotile.
Two of the mesotheliomata occurred within 400 days of the start of exposure. This may be compared with our injection experiments in which only 20 out of 803 occurred within 400 days (Wagner and Berry, 1969; Wagner et al., 1973) . Also, the earliest mesothelioma occurred after 355 days and we observed only 3 within this period in our injection experiments.
The positive association between asbestosis and lung tumours which we have established in the animals is in agreement with epidemiological findings (e.g. Minister of Labour and National Service, 1949; Knox et al., 1968; Elmes and Simpson, 1971) .
The failure to establish any association between asbestos exposure and tumours of sites other than the lung is equivocal. Although an association with gastrointestinal tumours has been found epidemiologically, it is not yet regarded as clearly established (Selikoff, Hammond and Churg, 1972; Newhouse, 1974) , and is of lower magnitude than the excess lung cancer risk. Our experiments provide no support for such an association. The experimental work of Graham and Graham (1967) suggested that intraperitoneal injection of tremolite asbestos could produce ovarian tumours, but the follow-up of women asbestos workers reported by Newhouse et al. (1972) produced no definite conclusions on this question because of the rarity of the tumour. Our experiments do give some support to an association between asbestos exposure and ovarian tumours as well as tumours of the male genito-urinary system. Although neither was significant, this could be because of the relatively small size of the control group. To overcome this, we have included the control rats from some of our other experiments, thus increasing the nontreated group to 403 rats of the same strain. This larger group contained 2 malignant tumours of the ovary and 5 tumours of the genito-urinary tract in males. In over 700 rats exposed to asbestos there were 10 ovarian tumours, 7 of which were malignant, and 11 tumours of the genito-urinary tract in males. Hence, based on the larger set of controls, the association between asbestos exposure and ovarian tumours is weak and non-significant, whereas there is no support for an association with tumours of the male genito-urinary system.
The UICC chrysotile samples are finer than the chrysotile which has been used in industry in the past. However, there is a trend for industry to use finer chrysotile (Wright, 1969) and so the experimental results may be more relevant to the current situation than to the past. We are investigating the effects of inhalation of chrysotile in more detail in an experiment involving UICC Canadian chrysotile, a grade 7 sample from a Canadian mine and the superfine sample which proved the most carcinogenic of the materials which we inoculated intrapleurally (Wagner et al., 1973) .
The experiments we report have given results which in several respects correspond to those found in man. Thus, this experimental method is established as a valid tool for the investigation of the biological effects of asbestos.
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